TbDyFe alloys play an important role in advanced actuator and sensor systems requiring either large displacement or large force, which may cause nonlinear response and performance degradation. In this investigation, experiments were performed to study the relevant magneto-mechanical response. The properties of magnetostriction along the direction perpendicular to the applied magnetic field were measured. The nonlinear behavior of the magnetostriction can be clearly explained in terms of domain rotating mechanism.
Introduction
The magnetostrictive properties of rare-earth-iron compounds were studied in detail. [1] [2] [3] There has been interest in the development of magnetostrictive TbDyFe alloys used as actuators, transducers, and sensors [4] [5] [6] [7] because of the giant magnetostriction. Many advanced applications require either large actuator displacements or large forces. Such conditions may cause nonlinear and permanent deformation, which can lead to degradation of the performance of the actuators. Moreover, when used in engineering components, as the applied field becomes larger, the strain in the magnetostrictive Tb x Dy 1−x Fe 2 alloys deviates from linearity, and significant hysteresis appears because of the domain switching. [8] [9] [10] [11] The hysteresis limits the application of the magnetostrictive materials, especially under a large applied magnetic or stress field. The study on the hysteresis can expand the potential applications of the materials. 12 Although the magnetostrictive and magneto-mechanical properties of TbDyFe alloys have been studied for many years, [13] [14] [15] [16] [17] experimental results are still lacking, especially the magneto-mechanical properties measured under coupled magnetic-mechanical loading.
Results and Discussion
In this investigation, the experiments were conducted to study the magnetostrictive properties in the direction perpendicular to the magnetic field under different coupled magneto-mechanical loading. The magneto-mechanical nonlinearity results from the magnetic domain rotation.
The pseudobinary compound Tb 0.3 Dy 0.7 Fe 1.95 was produced with the purity of the raw materials as: Tb-99.9%, Dy-99%, Fe-99.9%. The temperature gradient zone melting directional solidification device was used to get the oriented polycrystalline rods. The grain growth axis is [110] . The specimens were cut from these rods. The diameter and length of the specimens are 10 mm and 25 mm, respectively.
The applied magnetic field was measured by using a Hall effect probe positioned on the sample, and the magnetization was measured by means of a coil enwinded onto the sample. Both the mechanically-induced strain and the magnetostriction were measured by using strain gauges. The output from the coil and the Hall probe were connected to an integrating fluxmeter and an amplifier. An A/D card was employed to convert the analogue signals from the integrating fluxmeter and the amplifier to a digital recorder. A special electromagnet was designed to supply a highly accurate and stable magnetic field. In a period of 10 minutes, the disturbance of the magnetic field was less than 1%. The current of the electromagnet supplied by a bipolar power was controlled by means of an industrial PC. The testing system can produce a precisely controlled magnetic field and has an incredible capability to measure a very small field. In the experiments, strain gauges were placed along the [110] direction. The magnetic field was perpendicular to the [110] direction but the applied stress was applied along this direction, shown in Fig. 1 . The strain gauges were connected to a full Wheatstone bridge in order to neglect the bending effect, and the data were acquired by using the A/D card.
It was assumed that the [110] direction was along the x 3 -axis. The stress was applied along the x 3 -axis while the magnetic field was applied along the direction perpendicular to the x 3 -axis. Then the magnetostriction along the x 3 -axis perpendicular to the magnetic field could be defined as λ = ε 33 , where ε 33 was the strain along x 3 -axis. Figure 2 shows the magnetostrictive curves under different mechanical loadings which are perpendicular to the magnetic field. The most important character of the experimental results is that the value of magnetostriction is negative. It is well-known that the magnetostriction is positive in the direction parallel to the magnetic field, which results from the domain rotating to this direction. So the magnetostriction perpendicular to the magnetic field becomes negative according to the assumption of invariable volume of the body. Actually, the volume of body changes slightly when the magnetic field is applied, but this change can be ignored. When the applied stress are −1.65 and −4.0 MPa, the saturated magnetostriction are less than that under zero stress. The reason is that some defects exist in the material. However, when the applied stresses are −6.85 and −11.9 MPa, the λ + N$P magnetostriction are more than that under zero stress. At the same time, the absolute value of magnetostriction increases with the increase of the applied stress, and absolute value of the piezomagnetic coefficients ∂λ/∂H decreases with the increase of the applied stress. Figure 3 shows the saturated magnetostriction under different stresses. At the initial stage, the absolute value of saturated magnetostriction decreases with increase of the compressive stress. When the compressive stress exceeds 1.65 MPa, the absolute value of the saturated magnetostriction increases with increase of the compressive stress. The tendency is not linear, which results from the internal defects in the material.
Concluding Remarks
In summary, the nonlinear magnetostrictive behavior observed in the experiments of the TbDyFe alloys results from the magnetic domain rotating. The properties of magnetostriction along the direction perpendicular to the applied magnetic field were measured. Because of internal defects in materials, the absolute value of saturated magnetostriction fluctuates at the initial stage.
